A novel spore-forming, sulfate-reducing bacterium, strain SR45 T , was isolated from sediment of a freshwater lake, Lake Mizugaki, in Japan. Cells of strain SR45 were rod-shaped (1.0-1.5¾2.0-5.0 mm) and weakly motile; Gram staining and the KOH lysis test were negative. For growth, the optimum pH was 6. 4-6.8 
, with 16S rRNA gene sequence similarity of 92-94 %. It is suggested that the strain is the second isolated member of Desulfotomaculum subcluster Ie. The isolate had multiple 16S rRNA gene copies, with 13 different sequences. On the basis of phylogenetic and phenotypic characterization, the name Desulfotomaculum intricatum sp. nov. is proposed, with the type strain SR45 T (5NBRC 109411
Phylogenetically and physiologically diverse species of the genus Desulfotomaculum have been identified to date. The members of the genus Desulfotomaculum are classified into several phylogenetic clusters and subclusters due to genetic variety (Stackebrandt et al., 1997) . One of them, Desulfotomaculum subcluster Ie, encompasses only one characterized species, Desulfotomaculum acetoxidans. The type strain of the species, D. acetoxidans DSM 771 T , was the first acetate-oxidizing, sulfate-reducing bacterium isolated in pure culture (Widdel & Pfennig, 1977) . The strain is able to oxidize acetate and other organic substrates completely to carbon dioxide (Widdel & Pfennig, 1977; Spormann & Thauer, 1988) . It has also been shown that this strain has multiple copies of the 16S rRNA gene with differing sequences (Spring et al., 2009) . In this study, a second member of Desulfotomaculum subcluster Ie was isolated in a pure culture as strain SR45
T .
Strain SR45 T was isolated from sediment of Lake Mizugaki, a permanently stratified freshwater lake situated in Yamanashi, Japan (Kojima et al., 2009) . To establish a sulfate-reducing enrichment culture, the sediment was inoculated into a bicarbonate-buffered low-salt defined medium (l
21
: 0.2 g MgCl 2 . 6H 2 O, 0.1 g CaCl 2 . 2H 2 O, 0.1 g NH 4 Cl, 0.1 g KH 2 PO 4 , 0.1 g KCl, 1 ml trace element solution, 1 ml selenite-tungstate solution, 1 ml vitamin mixture solution, 1 ml vitamin B 12 solution, 1 ml thiamine solution, 30 ml NaHCO 3 solution and 1.5 ml Na 2 S 2 O 3 solution). The medium was prepared as described previously (Kojima & Fukui, 2010) , and anoxic stock solutions of sodium acetate and Na 2 SO 4 were added to the bottle to obtain a final concentration of 20 mM each, just before inoculation. The headspace of the bottles was filled with N 2 /CO 2 (80 : 20, v/v) and incubation was carried out in the dark at 42-45 uC. A grown culture (1 % volume of fresh medium) was transferred to fresh medium of the same composition to obtain subsequent enrichment cultures. After more than ten transfers, the first agar shake dilution was performed (Widdel & Bak, 1992 ) to obtain isolated colonies. A colony was picked in the same medium, and the resulting culture was further transferred to fresh medium several times. After that, the medium was changed to the sulfide-reduced freshwater medium widely used to cultivate sulfate reducers (Widdel & Bak, 1992) . Finally, a pure culture of strain SR45 T was obtained after two more rounds of agar shake dilution, using acetate as substrate. Culture purity was ascertained routinely by microscopy and checked by denaturing gradient gel electrophoresis of the 16S rRNA gene (Muyzer et al., 1996) for cultures grown after experiments for physiological characterization.
Cell morphology of the strain was observed by phasecontrast microscopy (Axioplan 2; Zeiss). Gram-staining was performed by using a Gram staining kit (Fluka) as described in the manufacturer's instructions. Additionally, the KOH lysis test was performed to confirm the cell-wall structure of the isolate, using 3 % (v/v) KOH and cells collected by centrifugation.
Culturing experiments to characterize the isolates were carried out in duplicate at 42-45 u C except for the test of growth temperature. Growth under different conditions was assessed by monitoring turbidity as OD 660 and concentrations of sulfide were determined by a spectrophotometric method (Cord-Ruwisch, 1985) .
Growth at various temperatures was examined using the basal medium supplemented with 10 mM acetate and 0.2 g yeast extract l
. The temperature range for growth was determined by incubation at 15 different temperatures from 8 to 60 u C. To determine the pH range for growth of SR45 T , NaHCO 3 in the basal medium was replaced with 10 g MOPS l 21 and 11 g CAPSO l
, and the pH of the medium was adjusted with HCl or NaOH solution. Growth was tested at eight different pH values ranging from 4.8 to 8.5, using 10 mM acetate and 0.2 g yeast extract l
.
Utilization of electron donors was tested in medium containing each of the substrates listed later, and evaluated by monitoring growth. The ability for lithoautotrophic growth with H 2 and CO 2 was assessed under a gas mixture (H 2 /N 2 /CO 2 , 50 : 40 : 10; 2 atm total pressure). Utilization of electron acceptors was tested using sulfate-free basal medium containing 10 mM acetate as electron donor. The tested electron acceptors were 20 mM thiosulfate, 10 mM sulfite, 3.0 g elemental sulfur l 21 and 5 mM poorly crystalline Fe(III) oxide. Poorly crystalline Fe(III) was prepared by neutralizing 1.0 M FeCl 3 solution with NaOH to pH 7 and repeated washing with pure water to remove excess chloride.
Fermentation of sugars was tested using sulfate-free basal medium. The tested sugars were glucose, fructose and maltose (each at 10 mM).
The range of NaCl for growth was tested at nine different concentrations ranging from 0 to 2.1 % (w/v).
Analysis of DNA G+C content and cellular fatty acids was carried out by the identification services of Techno Suruga Laboratory Co., Ltd, Shizuoka, Japan. The DNA G+C content of strain SR45
T was measured by HPLC as described previously (Katayama-Fujimura et al., 1984) . The fatty acid profile was analysed from biomass grown on 20 mM acetate and 1.0 g yeast extract l
21 by using the Sherlock Microbial Identification System (MIDI) according to the manufacturer's instructions.
16S rRNA gene fragments were amplified with primers 27f and 1492r (Lane, 1991) . PCR amplification was carried out with a high-fidelity DNA polymerase, KOD-plus-DNA polymerase (Toyobo). The amplified fragments were treated with A-attachment mix (Toyobo) for adding 39-A overhangs and then ligated into the pCR2.1-TOPO vector (Invitrogen). The resulting vectors were transformed into competent TOP10 cells (Invitrogen) for cloning. Nucleotide sequences were determined with a BigDye Terminator version 3.1 cycle-sequencing kit (Applied Biosystems) and plasmid DNA (Spring et al., 2009) .
DFormate was utilized only in the presence of acetate as a carbon source (Widdel & Pfennig, 1981) .
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templates were purified with a LaboPass plasmid miniprep kit (Cosmo Genentech). The obtained sequences were aligned with reference sequences from the public databases using CLUSTAL X version 2.1 (Larkin et al. 2007) . Phylogenetic trees were reconstructed by the neighbour-joining method with the program MEGA version 5.05 (Tamura et al., 2011) . Bootstrap analysis was performed for 1000 replicates.
Phylogenetic analyses were also performed for two other genes. Fragments of the gyrB gene, encoding the betasubunit of DNA gyrase, were amplified with primers gyrBBNDN1 and gyrBBAUP2 (Santos et al., 2004) . Fragments of the aprA gene, encoding adenosine-59-phosphosulfate reductase, were amplified with primer pair Apr-1-FW/Apr-5-RV (Meyer & Kuever, 2007) . For these two genes, amplification was carried out using Takara Ex Taq DNA polymerase (Takara), and PCR products were sequenced directly. The resulting sequences were translated to amino acid sequences and then aligned with reference sequences for neighbour-joining tree reconstruction with the program MEGA.
Cells of strain SR45 T were rod-shaped (1.0-1.562.0-5.0 mm) and weakly motile. Spores were observed in old cultures grown on acetate (Fig. S1 , available in IJSEM Online). The cells stained Gram-negative, but the KOH lysis test suggested that the cell wall of the isolate has a Gram-positive structure. The G+C content of the genomic DNA, growth temperature and growth pH are shown in Table 1 . Growth of the strain was observed in media containing 1.1 % NaCl or less.
The strain used the following substrates as electron donors (mM): acetate (10), n-butyrate (5) and ethanol (5). Slight growth was observed with pyruvate (10), formate (10) and fumarate (10). Addition of yeast extract enhanced growth of the strain. Autotrophic growth with H 2 was also observed. The following substrates could not support growth of the strain (mM): propionate (5), succinate (5), lactate (15), isobutyrate (5), valerate (5), benzoate (2.5), phenol (1) and n-butanol (10). Glucose (10), fructose (10) and maltose (10) were not utilized as substrates for fermentation or sulfate respiration. The strain was able to use sulfate (28 mM), thiosulfate (10 mM), sulfite (10 mM) and elemental sulfur as electron acceptors, but not poorly crystalline Fe(III) oxide. The growth rate with acetate and yeast extract under sulfate-reducing conditions was 1.60 day 21 at 45 u C.
In the total cellular fatty acids of strain SR45 T , saturated, unsaturated, branched, dimethylacetal (DMA), aldehyde and alicyclic fatty acids were detected ( Table 2 ). The fatty acid profile of the strain was characterized by high concentrations of C 16 : 0 (33.2 %), C 16 : 1 v7c (15.9 %), iso-C 15 : 0 (11.8 %), C 14 : 0 (9.0 %) and C 16 : 0 DMA (7.7 %).
In the cloning analysis of 16S the rRNA gene, 60 clones were sequenced in total. As a result, 13 distinct sequences were obtained, designated rrsA-rrsM (Fig. 1) . They varied in length, most apparent in rrsI, which had a characteristic 40-bp insertion. These sequences are phylogenetically distinct from those of other species of the genus Desulfotomaculum, and they belonged to Desulfotomaculum subcluster Ie (Fig. 1) . The novel isolate was most closely related to Desulfotomaculum acetoxidans 5575 T , with 92-94 % similarity. The distinct phylogenetic position of strain SR45
T within the genus Desulfotomaculum was also shown by analyses of the functional genes aprA and gyrB (Figs S2 and S3) .
In this study, it was revealed that strain SR45
T had at least 13 copies of the 16S rRNA gene with different sequences. To date, up to 15 rrn operons have been identified in a single bacterial genome, and high nucleotide divergence in multiple 16S rRNA gene copies has been shown in a few strains (Acinas et al., 2004; Klappenbach et al., 2001) . It has been reported that some species of the genus Desulfotomaculum have multiple copies of the 16S rRNA gene with sequence variation, i.e. 'Desulfotomaculum reducens' (eight rrn operons; almost identical sequences), D. kuznetsovii (two rrn operons; 8.3 % difference) and D. acetoxidans (ten rrn operons; 2.7 % difference) (Junier et al., 2010; Tourova et al., 2001; Spring et al., 2009) . In comparison with these species, strain SR45 T is characterized by the largest number of 16S rRNA gene sequence variations.
Characteristics of strain SR45
T are given in Table 1 along with those of the phylogenetically related sulfate-reducing bacterium D. acetoxidans 5575 T . The novel isolate could grow well at higher temperatures than D. acetoxidans T had some distinct features in comparison with its closest relative, i.e. more various and abundant saturated fatty acids, and the occurrence of shorter chains, with 14-16 carbons, and a cyclopropane fatty acid ( Table 2 ). The phylogenetic novelty of strain SR45 T in the genus Desulfotomaculum was shown consistently in the analyses of three genes (Figs 1, S2 and S3 ). On the basis of these results, we propose that strain SR45
T represents a novel species within the genus Desulfotomaculum, for which we propose the name Desulfotomaculum intricatum sp. nov.
Description of Desulfotomaculum intricatum sp. nov.
Desulfotomaculum intricatum (in.tri.ca9tum. L. n. adj. intricatum perplexed, embarrassed, entangled, referring to the complexity of the 16S rRNA gene sequences of the type strain).
Cells are rod-shaped, 1.0-1.562.0-5.0 mm, weakly motile, and occur singly or in pairs. Cells stain Gram-negative, but react in the KOH test as Gram-positive. The temperature range for growth is 28-58 u C, with an optimum temperature of 42-45 u C. The pH range for growth is 6.0-7.3, with optimum growth at pH 6.4-6.8. The NaCl concentration for growth is 0-1.0 %. Sulfate, thiosulfate, sulfite and elemental sulfur are used as electron acceptors for growth with acetate as a carbon source. Poorly crystalline Fe(III) oxide is not used as electron acceptor. Growth is enhanced with the addition of yeast extract. Acetate, n-butyrate, ethanol and H 2 are utilized as electron donors in the presence of sulfate. Formate, fumarate and pyruvate are utilized weakly for the reduction of sulfate. Fermentation of sugars is not observed.
The type strain, SR45
T (5NBRC 109411 T 5DSM 26801 T ), was isolated from freshwater lake sediment (Lake Mizugaki, Japan). The DNA G+C content of the type strain is 41.1 mol%.
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